RNase P and RNase MRP are ribonucleoprotein enzymes required for 59-end maturation of precursor tRNAs (pre-tRNAs) and processing of precursor ribosomal RNAs, respectively. In yeast, RNase P and MRP holoenzymes have eight protein subunits in common, with Pop1p being the largest at >100 kDa. Little is known about the functions of Pop1p, beyond the fact that it binds specifically to the RNase P RNA subunit, RPR1 RNA. In this study, we refined the previous Pop1 phylogenetic sequence alignment and found four conserved regions. Highly conserved amino acids in yeast Pop1p were mutagenized by randomization and conditionally defective mutations were obtained. Effects of the Pop1p mutations on pre-tRNA processing, pre-rRNA processing, and stability of the RNA subunits of RNase P and MRP were examined. In most cases, functional defects in RNase P and RNase MRP in vivo were consistent with assembly defects of the holoenzymes, although moderate kinetic defects in RNase P were also observed. Most mutations affected both pre-tRNA and pre-rRNA processing, but a few mutations preferentially interfered with only RNase P or only RNase MRP. In addition, one temperature-sensitive mutation had no effect on either tRNA or rRNA processing, consistent with an additional role for RNase P, RNase MRP, or Pop1p in some other form. This study shows that the Pop1p subunit plays multiple roles in the assembly and function of of RNases P and MRP, and that the functions can be differentiated through the mutations in conserved residues.
INTRODUCTION
Ribonuclease P (RNase P) is a ubiquitous endonuclease that removes 59 leader sequences from precursor tRNAs (pre-tRNAs). RNase P activity has been found in Bacteria, Archaea, Eukarya, and organelles (Frank and Pace 1998; Xiao et al. 2002) and most forms of RNase P are ribonucleoprotein complexes, containing both protein and RNA subunits. Bacterial RNase P consists of an essential RNA subunit (z130 kDa) and a small, basic protein subunit (z15 kDa) (Frank and Pace 1998) . Although both subunits are required for the in vivo RNase P function, the bacterial RNA subunit alone can catalyze pre-tRNA cleavage at high salt concentrations in vitro, and therefore is an RNA enzyme or ''ribozyme'' (Guerrier-Takada et al. 1983) . Eukaryotic RNase P has a very similar RNA moiety, but the protein complement is far more complex than that of the bacterial enzyme. Nine-and 10-protein subunits have been identified in the nuclear RNase P from yeast and humans, respectively (Chamberlain et al. 1998; Jarrous 2002) . The eukaryotic RNase P RNA appears to have lost the ability to cleave pre-tRNAs in the absence of the protein subunits.
In the yeast Saccharomyces cerevisiae, nuclear RNase P contains one RNA subunit, RPR1 RNA, and nine protein subunits: Pop1p, Pop3p, Pop4p, Pop5p, Pop6p, Pop7p, Pop8p, Rpp1p, and Rpr2p (Lee et al. 1991b; Chamberlain et al. 1998 ). All 10 subunits are essential for yeast growth and the in vivo RNase P activity (Chamberlain et al. 1998 and references therein). RPR1 RNA is synthesized as a precursor (pre-RPR1 RNA) that contains an 84-nucleotide (nt) 59-leader sequence and a 39-trailing sequence flanking the mature RPR1 sequence (Lee et al. 1991a ). Pre-RPR1 RNA is assembled into a ribonucleoprotein complex with at least seven of the nine RNase P protein subunits before being processed to the mature form (Srisawat et al. 2002) .
Eukaryotic RNase P is closely related to another ribonucleoprotein enzyme, RNase MRP, which has only been found in eukaryotes and appears to have evolved from RNase P to perform specialized functions. The demonstrated nuclear function of yeast RNase MRP is pre-rRNA in the maturation pathway of 5.8S rRNA (Lindahl and Zengel 1995; Reilly and Schmitt 1995; Tollervey 1995) . Recently, an additional role for RNase MRP in cell cycle progression in yeast through selective mRNA turnover has been reported (Gill et al. 2004 ). The yeast RNase MRP holoenzyme consists of one RNA subunit, NME1 RNA, and at least 10 protein subunits (Schmitt and Clayton 1994; Chamberlain et al. 1998; Salinas et al. 2005) . Eight proteins are the same as those in yeast RNase P: Pop1p, Pop3p, Pop4p, Pop5p, Pop6p, Pop7p, Pop8p, and Rpp1p (Chamberlain et al. 1998 and references therein). The protein subunit unique to RNase P is the Rpr2p, whereas Snm1p and Rmp1p are specific to RNase MRP (Schmitt and Clayton 1994; Chamberlain et al. 1998; Salinas et al. 2005) . NME1 RNA and the RPR1 RNA conform to similar secondary structures and have several small patches of conserved sequence found in all RNase P RNAs (Forster and Altman 1990; Frank et al. 2000; Li et al. 2002) . Thus, RNase MRP arose from eukaryotic nuclear RNase P through sequence divergence of a duplicated RNA subunit gene and substitution of one protein subunit with two others.
Functions of the individual protein subunits of yeast RNase P and RNase MRP are largely unknown, although several protein subunits can bind RNA. For example, Pop1p and Pop4p bind directly to the RPR1 RNA (Ziehler et al. 2001; Houser-Scott et al. 2002) , whereas Snm1p can bind to the NME1 RNA directly (Schmitt and Clayton 1994) . A separate study reported that Pop3p could bind to the RPR1 RNA, pre-tRNA, and single-stranded RNAs (Brusca et al. 2001) , although the specificity of these interactions is not known. Recently, crystal structures and NMR structures of the archaeal homologs of Pop4p, Rpp1p, and Rpr2p have been solved (Boomershine et al. 2003; Sidote and Hoffman 2003; Numata et al. 2004; Sidote et al. 2004; Takagi et al. 2004; Kakuta et al. 2005 ), but structural information for the other protein subunits is not available. Information concerning the location of the various subunits in the holoenzyme complex comes from coprecipitation experiments and two-hybrid and threehybrid studies (Jiang and Altman 2001; Houser-Scott et al. 2002; Hall and Brown 2004; Welting et al. 2004; Kifusa et al. 2005 ).
We mutagenized Pop1p (100 kDa), the largest common protein subunit of yeast RNase P and MRP, to investigate its contributions to RNases P and MRP. Pop1p is important for the assembly and cellular functions of RNase P and MRP (Lygerou et al. 1994; Srisawat et al. 2002) , and is conserved from yeast to human (Lygerou et al. 1996b ). Attempts to characterize the function of Pop1p in vitro have not been successful, largely because the individually expressed protein is not soluble and the yeast holoenzyme has not been reconstituted in vitro. Therefore, we mutagenized the evolutionarily conserved regions of Pop1p and examined the effects of the mutations on the in vivo functions and biogenesis of RNase P and RNase MRP. Alignment of the Pop1p sequences from yeast, worm, and human previously revealed three highly conserved regions (Lygerou et al. 1996b) . In this study, we have found four conserved regions in the Pop1p family, including the three regions identified previously, by amino acid sequence alignment of additional putative Pop1p homologs. Mutated POP1 gene libraries were then created, in which highly conserved amino acids in the four conserved regions were randomized. Selections for viable sequence variations in POP1 were followed by screens for conditionally defective mutations. Subsequent characterization of the partially defective POP1 mutations showed that most defective mutations affect the assembly and in vivo functions of RNases P and MRP to various degrees. A few mutations that impair only RNase P function or only RNase MRP function were obtained, suggesting that Pop1p might participate differentially in the two enzymes. The collection of Pop1p mutations with distinct phenotypes is anticipated to be useful to further understand the biology of RNase P/MRP and RNA processing in the cell.
RESULTS

Alignment of Pop1p and homologs
To identify putative homologs of the yeast Pop1p from other eukaryotes, we performed a BLAST search of the NCBI database with the sequence of Pop1p (http:// www.ncbi.nlm.nih.gov/BLAST). The search revealed putative Pop1p homologs from Drosophila (NCBI accession no. NP_572236), Anopheles (NCBI accession no. XP_307517), mouse (NCBI accession no. NP_080616), and Schizosaccharomyces pombe (NCBI accession no. CAB61782). Sequences of the putative homologs were aligned with those of Pop1p from S. cerevisiae and human, using the algorithm Clustal W (http://us.expasy.org) with moderate manual adjustment (Fig. 1) . The alignment confirmed the presence of three highly conserved regions identified previously (Lygerou et al. 1996b ), COR1, -2, and -4, as well as an additional conserved sequence, COR3. Sequence conservation of the Pop1p family outside of the four conserved regions is low, with only 4% sequence identity.
In COR1, several Arg amino acids are conserved among the Pop1p family (positions 97, 98, 99, 107 in Fig. 1 ; Lygerou et al. 1996b ) while COR2 is rich in Trp residues and basic amino acids. The basic and aromatic conserved amino acids in COR1 and COR2 could potentially contribute to the RNA binding by Pop1p, and these regions have been designated the ''Pop1 domain,'' signature sequences of the Pop1 family (Marchler-Bauer and Bryant 2004) . Conserved positions in COR3 are more dispersed but are clearly identifiable. COR3 has been named as the ''POPLD (NUC188) domain,'' which is found in Pop1-like nucleolar proteins (Falquet et al. 2002; Staub et al. 2004) . COR4 is a Gly-rich region, although not all the Gly residues can be aligned. The sequence of COR4 is similar to the consensus ''G-patch'' domain, a predicted globular domain found in several RNA-processing enzymes and RNAbinding proteins (Aravind and Koonin 1999) . However, little is known about the role of the G-patch domain.
Site-directed randomization mutagenesis of Pop1p to obtain conditional defects
The roles of the conserved amino acids of the yeast Pop1p in assembly and function of RNase P and MRP were explored by mutagenesis of the conserved residues. Since Pop1p is required for yeast viability, we screened for conditionally defective phenotypes. Sequences encoding two or three conserved amino acids at a time were randomized by PCR mutagenesis (Materials and Methods), and viable variants were selected and screened for mutations that lead to temperaturesensitive (ts) or cold-sensitive (cs) growth phenotypes. The POP1 alleles in this study were tagged with triple haemagglutinin (3HA) epitopes to facilitate characterization.
Positions of the mutagenized amino acids are underlined and numbered in Table 1 . Two conserved amino acids were mutated at a time, with the first two positions of both codons randomized. In theory this would generate a DNA library of 256 different sequence combinations for most of the libraries and 4096 DNA sequence variations for the three-position library at positions 97, 98, and 99. In total, 24 libraries of mutated pop1 genes were created for screening (Table 1) .
The percentage of viable colonies relative to the total number of transformants of each mutated pop1 library was determined to assess tolerance of the highly conserved positions in Pop1p for amino acid substitutions. The viable percentage varies from 0.08% to 45% for different mutated pop1 libraries (Table 1) . It was unexpected that most of these absolutely conserved amino acids can be mutated to at least some alternative identities without causing severe functional defects.
The strains with viable pop1 variants were grown at 30°C, 37°C, and 16°C to screen for ts and cs growth phenotypes, and the results are summarized in Table 1 . No cs mutant strains were identified in this screen. Growth of the identified ts mutants at permissive (30°C) and nonpermissive (37°C) temperatures is shown in Figure 2A . In liquid cultures, the ts mutant strains grow substantially more slowly than the wild-type strain, except that the growth of the M 256 mutant was only mildly impaired (Fig. 2B) . The M 256 mutant was therefore not analyzed in depth.
Pre-tRNA processing in pop1 mutants Since Pop1p is required for RNase P function, effects of the ts Pop1p mutations on in vivo pre-tRNA Leu processing FIGURE 1. Alignment of the four conserved regions (COR1-4) of Pop1p from S. cerevisiae (scPop1p) and its homologs from S. pombe (spPop1), Drosophila (dPop1), Anopheles (aPop1), mouse (mPop1), and human (hPop1). The sequences were aligned with the Clustal W algorithm. Identical amino acids are highlighted in black with white letters, whereas similar amino acids that occupy homologous positions are highlighted in gray. Less conserved positions that were also mutated are underlined. Positions of the amino acids in each Pop1 protein are indicated with numbers flanking the corresponding sequence. The alignment has confirmed the previously identified COR1, -2, and -4 (Lygerou et al. 1996b) , and uncovered another conserved region, COR3.
were examined at 30°C and at 6, 18, and 30 h after the shift to 37°C (Fig. 3) . Previous studies have shown that in the normal maturation pathway of tRNA Leu , the three major RNA species are the primary transcript; an intermediate containing the intervening sequence but not the 59 and 39 extensions (''+IVS'' in Fig. 3) ; and mature tRNA Leu , which is spliced and contains the mature 59 and 39 ends (Lee et al. 1991b) . The amount of the primary transcript and that of the ''+IVS'' species are normally low, with the vast majority of the tRNA Leu in the mature form. If RNase P activity is deficient, an aberrant, diagnostic intermediate with 59 and 39 extensions (''+5,3'') and the primary transcript accumulate (Lee et al. 1991b; Xiao et al. 2005) . In this study, the normal processing profile of tRNA Leu is observed at 30°C in the control strain containing wild-type 3HA-Pop1p (Fig. 3) . However at 37°C, the ''+5,3'' species is increased even in the control strain, possibly reflecting an effect on the rate of processing events. Although terminal processing normally precedes splicing, the order is not obligatory (Lee et al. 1991b) , and the ''+5,3'' form of pre-tRNA Leu is a good indicator of decreased activity in RNase P-catalyzed cleavage.
After 6 h of incubation at 37°C, accumulation of the primary transcript ranges from 0.88-fold (mutant S 827 S 829 ) to 4.4-fold (mutant S 249 ) over the wild-type strain (Table  2) . Most mutations also result in accumulation of ''+5, 3'' tRNA Leu by two-to threefold at 37°C ( Table 2 ). Mutations that display the most pronounced pre-tRNA accumulation occur at position 249 (T 249 , S 249 , Q 249 ) and at position 823 (H 823 ) as indicated by the increase in the amounts of both the primary transcript and the ''+5,3'' species (Table 2) . Three mutations, S 89 R 90 , N 89 , and S 827 S 829 , do not cause significant accumulation of the primary transcript or the ''+5,3'' species (#twofold accumulation, Fig. 3 ; Table 2 ). The data suggest that the conserved amino acids R 249 and F 823 in wild-type Pop1p are important for in vivo pre-tRNA processing while the contribution of F 89 , Q 90 , G 827 , or Y 829 to RNase P function is small, if any. Effects of the other Pop1p mutations on RNase P function are intermediate.
Maturation of the RPR1 RNA in pop1 mutants
In order to investigate whether the deficient pre-tRNA processing in the pop1 mutants was due to an assembly defect of the RNase P holoenzyme, maturation of the RPR1 RNA was examined. Pre-RPR1 RNA is assembled into a ribonucleoprotein complex with at least seven protein subunits of RNase P, including Pop1p, before being processed to the mature RNA (Srisawat et al. 2002) . Mutations in RPR1 RNA that compromise its structure or prevent protein association also slow maturation of the RPR1 RNA, possibly by blocking the formation of the correct RNP complex required for processing. Accumulation of pre-RPR1 RNA is therefore diagnostic for an assembly problem in RNase P holoenzyme. When wild-type yeast is grown to mid-log phase at 30°C, the ratio of mature to precursor RPR1 RNA is z5:1. In this study, the ratio in the control strain carrying the wild-type 3HA-Pop1p is 2.8 at 30°C and 2.4 at 37°C, slightly lower than normal (Table 2 ; Fig. 4 ), suggesting that 3HA tagging of Pop1p or growth at high temperature might slow assembly of RNase P or maturation of the RPR1 RNA, although not enough to slow growth or substantially alter tRNA processing at 30°C.
Most defective Pop1p mutations affect RPR1 RNA maturation at 37°C (Fig. 4) . In 14 mutant strains containing mutations in COR2-4, the ratio of mature to precursor RPR1 RNA is decreased by at least twofold after 6 h of incubation at 37°C ( Several of these mutations (for example, H 823 ) alter the ratio of the pre-RPR1 RNA to the mature form even at 30°C (Table 2 ; Fig. 4 ). Additionally, cellular levels of both the precursor and mature RPR1 RNAs in these 14 strains decline rapidly at 37°C compared to the control and normalized to SNR190 snRNA ( Fig. 5 ; data not shown), suggesting that the altered RNase P complexes might not be as stable as the wild-type enzyme. The other Pop1p mutations, including all the mutations obtained in COR1, do not significantly affect maturation of the RPR1 RNA, although slow decreases in the level of the RPR1 RNAs are observed at 37°C (Table 2 ; Fig. 4 ; data not shown).
The 14 mutations that substantially affect RPR1 RNA maturation also cause significant defects in pre-tRNA processing at 37°C ( Fig. 3 ; Table 2 ). Moreover, in mutants S 89 R 90 , N 89 , and S 827 S 829 , where the RPR1 RNA processing is not affected by the mutations, the pre-tRNA profile is similar to that of the control strain ( Fig. 3 ; Table 2 ). Thus, maturation and stability of RNase P holoenzyme often correlates with in vivo pre-tRNA processing and pre-tRNA processing defects in these mutants could be mainly attributable to the lack of RNase P. However, there are situations where a correlation is missing. Mutations S 98 , K 233 , and V 834 H 836 affect pre-tRNA processing, but the maturation of the RPR1 RNA is hardly changed by the mutations. Thus, these amino acids might contribute to other functions, such as recognition of substrate pre-tRNA, catalysis, or subcellular localization of the enzyme.
5.8S rRNA processing in pop1 mutants
Because Pop1p is also an integral subunit of RNase MRP, we examined the 5.8S rRNA maturation in pop1 mutants.
Under normal growth conditions two forms of 5.8S rRNA can be detected by Northern blots. They are the short form ''5.8S (S)'' and the long form ''5.8S (L),'' with 5.8S (S) normally being two-to threefold more abundant (Li et al. 2004; Xiao et al. 2005) . In an RNase MRP deficient strain, the ratio of the 5.8S (S) to 5.8S (L) is reduced, and a very long form of 5.8S rRNA ''5.8S (VL)'' accumulates (Shuai and Warner 1991; Lindahl et al. 1992; Schmitt and Clayton 1993; Chu et al. 1994) .
The ratio of 5.8S (S) to 5.8S (L) is similar in the control strain and the pop1 mutant strains at 30°C, ranging from 1.5 to 3 ( Fig. 5 ; Table 2 ). After switching to 37°C, mutant S 89 R 90 displays the most severe 5.8S rRNA processing defect. The amount of 5.8S (S) decreased rapidly at 37°C (Fig. 6 ), resulting in a twofold reduction in the ratio of 5.8S (S) to 5.8S (L) rRNA after only 6 h ( Table 2 ). The temperature dependence of the 5.8S rRNA processing correlates well with the ts growth phenotype of the strain. This mutation also results in the accumulation of the longer 5.8S (VL) RNA at both 30°C and 37°C ( Fig. 5 ; Table 2 ). Conversely, the pre-tRNA processing in this mutant is not notably affected ( Fig. 4 (Table 2) . However, unlike mutant S 89 R 90 , the ratios of short to long forms of 5.8S in these strains do not decrease substantially until after 18 h of incubation at 37°C ( Fig. 5 ; data not shown). These mutations also affect the in vivo RNase P function to various extents.
There are also examples of mutations that affect pretRNA processing but not 5.8S rRNA ratios. The 5.8S rRNA processing in ts mutant strains S 98 , K 233 , S 242 T 243 , A 267 T 274 , and V 834 H 836 appears normal ( Fig. 5; Table 2 ), but each strain has a moderate defect in pre-tRNA processing. One mutation, S 827 S 829 , is particularly noteworthy in that it does not have any obvious defect in either tRNA or 5.8S rRNA processing at 37°C, yet the strain does not grow at 37°C FIGURE 3. Northern blot analysis of pre-tRNA Leu processing in representative 3HA-pop1 mutants at 30°C and 37°C. Incubation time of the strains at 37°C is indicated above the corresponding lanes, and the balance of pre-tRNA Leu forms in total RNA was isolated by Northern blot. Four major species of tRNA Leu are the primary transcript, an intermediate containing the intron (''+IVS''), an alternative intermediate containing 59 and 39 extensions (''+5,3''), and the mature tRNA Leu (Lee et al. 1991b ). Identities and schematic diagrams of tRNA Leu species are shown to the left of the blots. Black bars indicate mature tRNA sequences, and lines represent the 59 leader, the 39 trailer, and the intervening sequences. The signals of the primary transcript and the intermediate ''+5,3'' were separately normalized to that of the loading control, SNR190 RNA. The resulting ratios in strain 3HA-Pop1 were set at 1 and were used for comparison with the ratios from other mutant strains. The normalized amounts of primary transcript and ''+5,3'' intermediate in 3HA-pop1 mutants at 30°C and 37°C (6 h) are listed in Table 2. ( Fig. 2) . Possible causes of this defect will be addressed in the Discussion.
It is worth noting that different amino acid identities at the same conserved positions in Pop1p can have different effects on 5.8S rRNA processing. For instance, mutation A 242 N 243 accumulates the 5.8S (VL) RNA, while another mutation at the same position (S 242 T 243 ) does not. The same observations also apply to positions K 267 and R 274 (Table 2 ; data not shown). It is not surprising that different amino acid substitutions would be differentially tolerated, as seen by the observation that only a subset of amino acid combinations are tolerated at all at most of the conserved positions (Table 1) .
Cellular level of the NME1 RNA in pop1 mutants
We examined the assembly or stability of RNase MRP in the pop1 mutant strains by probing the cellular level of the NME1 RNA. Levels of NME1 RNA in the control and 3HA-pop1 mutant strains do not change much at 30°C (<twofold; Fig. 6 Most of the mutations that affect RNase MRP levels also alter the 5.8S rRNA maturation (Table 2 ). For example, the three mutations (S 89 R 90 , R 631 L 632 , and H 823 ) that severely reduce the level of NME1 RNA cause drastic defects in 5.8S rRNA processing at 37°C (Table 2; Figs. 5, 6). The shortage of RNase MRP in these mutants could account for the defects in 5.8S rRNA maturation to some extent. On the other hand, mutations S 98 , K 233 , S 827 S 829 , and V 834 H 836 do not notably decrease the level of the NME1 RNA or the maturation of 5.8S rRNA (Table 2) . These observations present a correlation between assembly or stability and cellular function of RNase MRP.
The relationship between stability and function of RNase MRP is not absolute in some strains with Pop1p mutations. Association of mutated Pop1p with the RPR1 and NME1 RNAs
The processing profiles of the RPR1 RNA and the cellular levels of the NME1 RNA indicate that assembly or stability of the RNase P and MRP complexes are impaired to various degrees by the pop1 mutations. To examine the effects of the pop1 mutations on the association with RNA subunits, we performed coimmunoprecipitation (co-IP) of the RPR1 and NME1 RNAs with 3HA-Pop1p. The ratios of the copurified RNA subunits to 3HA-Pop1p are used to access how well the subunits associate, and the results are shown in Figure 7 . Representative pop1 mutations that have differential effects on RNase P and MRP assembly, as suggested by Northern analyses on RNA processing (Table  2) , were chosen for the co-IP experiment. In particular, mutation S 89 R 90 affects the cellular level of RNase MRP RNA, but not RNase P RNA. Mutations S 242 T 243 , S 249 , Q 249 , and L 626 K 628 affect the maturation of the RNase P RNA but barely change the RNase MRP RNA level at early times after a shift to 37°C. Mutation R 631 L 632 lowers levels of both RNase P and MRP RNAs, while neither the RNase P nor MRP RNA levels are affected by mutation S 98 . Because the mutant strains normally stopped growing by 10 h at 37°C, cultures were grown at 37°C for 6 h before harvest.
The amounts of 3HA-Pop1p and the RNA subunits that coimmunoprecipitated were determined by Western (Fig.  7A) and Northern (Fig. 7B) blots. The NME1 RNA and the precursor and mature RPR1 RNAs are found to be associated with all the mutated Pop1p proteins tested, although the ratio of the RNA subunits to Pop1p varies in different strains. Consistent with the Northern analysis, mutation S 89 R 90 significantly reduces the NME1 FIGURE 5. Northern blot analysis of 5.8S rRNA processing in representative 3HA-pop1 mutants at 30°C and 37°C. Incubation time of the strains at 37°C is indicated above the corresponding lanes. Three species of 5.8S rRNA are detected by Northern blotting. These include the long form (''5.8S (L)''), the short form (''5.8 (S)''), and the very long form (''5.8S (VL)'') (Shuai and Warner 1991; Lindahl et al. 1992; Schmitt and Clayton 1993; Chu et al. 1994) . The SNR190 RNA is probed as a loading control. Ratio of the short to long forms of 5.8S rRNA in the mutants at 30°C and 37°C (6 h) is summarized in Table 2 . Amount of 5.8S (VL) rRNA was normalized to that of SNR190 RNA. The resulting ratio in the control strain 3HA-Pop1 at 37°C was set at 1 and was used for comparison with the ratio from other mutant strains. The normalized amounts of 5.8S (VL) rRNA at 37°C are shown in Table 2 . RNA that is bound to Pop1p (zfourfold reduction compared to the control), without decreasing the binding of the RPR1 RNAs to Pop1p (Fig. 7B,C) . The reason for the increased association of RPR1 RNA with Pop1p is currently not known but could be due to decreased competition from NME1 RNA. This result is consistent with the suggestion that amino acids F 89 and Q 90 in wild-type Pop1p are required for the assembly of only RNase MRP.
In mutants S 242 T 243 and L 626 K 628 , less pre-RPR1 RNA is associated with Pop1p compared to the wild-type strain, while the amount of mature RPR1 RNA bound is not decreased (Fig. 7B,C) . The data suggest that these two mutations affect the initial assembly of the precursor RNase P complex but that the mature RNase P holoenzyme seems to be stable once formed. The association of Pop1p with NME1 RNA is not affected by these two mutations, as reflected by the amount of NME1 RNA copurified. This is consistent with the observation that the cellular level of the NME1 RNA in these mutants remains stable after short incubation at 37°C (6 h; Table 2 ), although stability of the NME1 RNA is decreased after longer incubation at 37°C ( Fig. 6; Table 2 ). It is not clear whether the effects of these two mutations on the amount of the NME1 RNA in vivo are direct or indirect.
The binding of Pop1p to the NME1 RNA, mature RPR1 RNA, and pre-RPR1 RNA is reproducibly reduced in mutant S 249 (Fig. 7C ). This suggests that the assembly or stability of RNases P and MRP complexes is impaired by the mutation. In contrast, S 98 does not decrease the ratio of Pop1p to the RNA subunits, in agreement with the presence of wild-type levels of the RPR1 and NME1 RNAs in this strain, even though the in vivo pre-tRNA processing is compromised. It is possible that this mutation affects other steps in the maturation pathway of pre-tRNA, such as the nucleolar localization of RNase P or catalysis of the pre-tRNA cleavage reaction.
It is surprising that mutation R 631 L 632 does not reduce the association of Pop1p with either the RPR1 RNA or the NME1 RNA, although this mutation significantly decreases the levels of both RNA subunits at 37°C (Table 2 ). It is possible that both the Pop1p and the RNA subunits are turning over in these mutants, thus maintaining a constant ratio of protein to RNA. Mutation Q 249 presents similar phenotypes in that it drastically reduces the ratio of mature to pre-RPR1 RNA in the cell, which suggests a stability problem of the RNase P holoenzyme. However, the Q 249 Pop1p associates with RPR1 RNA at the same ratio as the wild-type control. This mutation only mildly affects the binding of Pop1p to the NME1 RNA.
A summary of the effects of Pop1p amino acid changes on RNases P and MRP is provided in Figure 8 .
Steady-state kinetics of the pre-tRNA cleavage reaction
To examine the effects of these mutations on the enzymatic activity of RNase P, steady-state kinetics for both the wildtype and RNase P holoenzyme with POP1 mutations were determined using the yeast pre-tRNA Tyr as previous described (Ziehler et al. 2000; Xiao et al. 2005) at both 30°C and 37°C to test for temperature sensitivity of the enzyme. Ideally it would be useful to also characterize the kinetic behavior of the RNase MRP activities, but we are unable to reproduce in vitro RNase MRP assays (Lygerou et al. 1996a ) with sufficient reliability for kinetics.
The in vitro steady-state cleavage activity catalyzed by wild-type and Q 249 RNase Ps are shown in Figure 9 as examples. The dependence of the initial reaction velocity on the substrate concentration showed saturation kinetics, so the Michaelis-Menten equation is fit to the data (Fersht 1985) . A summary of the steady-state kinetic parameters determined for RNase P holoenzyme with temperaturesensitive POP1 mutations (S 98 , S 242 T 243 , Q 249 , L 626 K 628 , and V 384 H 839 ) affinity-purified from yeast is shown in Table 3 . The rate of substrate cleavage by these isolated holoenzymes remains steady over the time course of the reactions (data not shown), indicating that these enzymes are stable under the assay conditions.
The values of the steady-state kinetic parameters for the wild-type holoenzyme at 37°C are consistent with our previous measurement of the nontagged enzyme under the same conditions (Ziehler et al. 2000) . While the k cat values FIGURE 6. Northern blot analysis on levels of the NME1 RNA in representative 3HA-pop1 mutants at 30°C and 37°C. Incubation time of the strains at 37°C is indicated. Amount of the NME1 RNA is normalized to SNR190 RNA. The resulting ratio in the control strain 3HA-Pop1 at 30°C was set at 1 and was used for comparison with the ratio from other mutants. The normalized amount of NME1 RNA in each strain at 30°C and 37°C (6 h and 18 h) is listed in Table 2 .
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Cold Spring Harbor Laboratory Press on June 24, 2011 -Published by rnajournal.cshlp.org Downloaded from are within experimental error of each other (1.3 6 0.1 sec ÿ1 and 1.6 6 0.2 sec ÿ1 for the nontagged and 3-HA tagged enzymes, respectively), the value of K M is modestly decreased for the 3-HA tagged enzyme (29 6 7 nM) compared to the nontagged enzyme (55 6 10 nM), and therefore the value of k cat /K M increases by z2.5-fold (Table  3 ; Ziehler et al. 2000) . A similar increase in the specificity constant has been measured previously for affinity-isolated yeast nuclear RNase P holoenzyme in which RPR1 RNA is modified with an ''S1'' streptavidin affinity tag (Xiao et al. 2005) . This similarity suggests that the increase in activity might reflect the more gentle and rapid purification methods of this unstable enzyme, rather than the presence of a specific RNA tag. The value of k cat /K M is near the diffusion-controlled limit (2.5 3 10 8 M ÿ1 sec ÿ1 ) suggesting that pre-tRNA association is limiting under these conditions (Ziehler et al. 2000; Xiao et al. 2005) . Decreasing the temperature from 37°C to 30°C has little effect on the k cat value but decreases the value of k cat /K M for the wild-type holoenzyme about twofold (Table 3) .
Although at a permissive growth temperature these POP1 mutations do not exhibit significant pre-tRNA cleavage defects in vivo ( Pop1p shows a dramatic 10-fold increase. More importantly, the k cat /K M value for the holoenzyme with Q 249 Pop1p decreases by 15-fold as the result of the temperature shift compared to the activity of the wild-type holoenzyme (Table 3 ). These results indicate that this pop1 mutation decreases the efficiency of pre-tRNA cleavage catalyzed by RNase P, which likely leads to the temperature-sensitive phenotype observed in vivo. None of the other mutations demonstrate a significantly larger catalytic defect at 37°C compared to 30°C. Interestingly, the k cat /K M values for holoenzymes with S 242 T 243 and V 834 H 836 Pop1p are twofold greater than the wild-type enzyme at 37°C (Table 3) . Furthermore, a greater enhancement than the wild-type RNase P as a result of the temperature shift (7-to 14-fold vs. 2.2-fold) and result in twofold greater k cat /K M values than the wild-type enzyme at 37°C (Table 3 ). The apparent discrepancy between the increased efficiency of RNase P in vitro and pre-tRNA processing defect caused by pop1 mutations in vivo will be discussed below.
DISCUSSION
Alignment of the protein sequences of Pop1p and its homologs reveals four conserved regions. Randomization mutagenesis of conserved amino acids in these regions of yeast Pop1p showed that most positions are tolerant of at least limited substitutions and that conditionally defective alleles could be identified in each of the conserved regions, with COR1 being least tolerant to changes. It is somewhat unexpected that the highly conserved amino acids in Pop1p are not absolutely required for viability, since Pop1p is essential. Characterization of the ts mutant strains has uncovered that the mutations weaken various aspects of pre-tRNA processing, 5.8S rRNA processing, maturation of the RPR1 RNA, or stability of the NME1 RNA at the restrictive temperature (37°C). It is difficult to assign precise molecular defects conferred by the various mutations since, as with all large macromolecular complexes, effects on subunit and substrate interactions could be either direct or indirect. However, several interesting observations emerged.
As expected, many Pop1p mutations in this study affect both pre-tRNA and 5.8S rRNA processing, suggesting that the mutated positions play similar roles in RNase P and RNase MRP functions. In addition, mutations that preferentially affect either the pre-tRNA or 5.8S rRNA biogenesis pathway have been obtained. Thus, different subsets of conserved amino acids in Pop1p contribute differentially to RNase P and MRP functions, although it is not yet possible to determine whether these differential effects are at the level of interaction with substrates or different subunits of the holoenzymes. It seems unlikely that any entire COR is exclusively required for the function of RNase P or MRP, since some mutations in all of the CORs affect both pretRNA processing and 5.8S rRNA maturation.
Functional defects of RNase P and MRP in several Pop1p mutant strains are coincident with stability defects of the RNA subunit of the corresponding enzymes, indicating that the mutations might affect enzyme function by damaging the assembly or stability of RNP complexes. Previous studies have shown that the yeast Pop1p directly binds to the RPR1 RNA and is involved in several protein-protein interactions within RNase P holoenzyme (HouserScott et al. 2002) . Pop1p also binds to the NME1 RNA subunits of RNase MRP, which has the conserved RNA binding site that is the primary target of Pop1 binding in RPR1 RNA (Ziehler et al. 2001) , but the interactions with that site in the two RNAs could be subtly different or Pop1p could have secondary contact points in the two RNAs that are different. In addition, Pop1p contacts with other protein subunits might be differentially altered in RNase P versus RNase MRP. The Pop1p mutations described here that seem to block assembly of RNase P or MRP will provide a guide for future assessment of contacts between Pop1p and other subunits.
We also found that some mutations slow the processing of pre-tRNA or precursor to 5.8S rRNA in vivo without affecting the stability of the corresponding enzymes. This raises the possibility that Pop1p might be involved directly in substrate recognition or catalysis. We therefore measured the in vitro RNase P activity at both 30°C and 37°C to test this hypothesis. Most of the RNase Ps with temperature-sensitive pop1 mutations retained reasonably stable steady-state turnover activity even at the nonpermissive temperature. Only the Q 249 and L 626 K 628 mutations significantly lower the value of the specificity constant (k cat /K M ) at 37°C compared to wild-type RNase P, indicating that these two mutations affect the pre-RNA cleavage activity of the holoenzyme. Interestingly, S 242 T 243 and V 834 H 836 mutations increase the specificity constant of RNase P. Similar effects have been previously observed for the RNAse P holoenzyme with a mutation in the RPR1 subunit, which also shows an in vivo tRNA processing defect (Xiao et al. 2005) . Although these mutations enhance catalytic efficiency in vitro for this pre-tRNA substrate they also allow binding and cleavage of a wider variety of RNA substrates, thus leading to a decrease in the apparent specificity constant for cleavage of a specific pre-tRNA substrate in the cellular milieu containing a wide variety of other RNA species. These mutations thus could lead to an in vivo tRNA processing defect by becoming less specific for binding and cleaving pre-tRNA substrates.
A direct contribution of the protein subunit to substrate recognition has been demonstrated by biochemical characterization of Bacillus subtilis RNase P, where the protein specifically enhances the binding affinity of the pre-tRNA substrate by directly contacting the leader (Kurz et al. 1998; Niranjanakumari et al. 1998) . Whether the same mode of substrate recognition by the protein subunit is conserved in eukaryotes remains unknown, but the yeast nuclear RNase P has strong binding sites for single-stranded RNAs, which could possibly contribute to recognition of the 59 leader or 39 trailer sequences of pre-tRNAs (Ziehler et al. 2000) . Consistent with this, a protein component of the human RNase P, rather than the RNA subunit, is reported to form a cross-link to a photoreactive substrate (True and Celander 1998) . Although the yeast nuclear RNase P is still an RNA-based enzyme, it is entirely possible that the increased protein content has been accompanied by transfer of some of the roles of the catalytic bacterial RNA subunit or catalytic metal ions to the protein subunits.
One anomaly arising from these data is that mutation S 827 S 829 does not have any obvious defects in either pretRNA or 5.8S rRNA processing at the restrictive temperature. The cause of cell death of this strain at 37°C is not known at this point, but it is possible that RNase P, RNase MRP, or Pop1p in some unknown complex has additional biological functions. Recent studies have indicated that yeast RNase MRP not only processes precursors to 5.8S rRNA, but also cleaves selected messenger RNAs to promote cell cycle progression (Gill et al. 2004) . Eukaryotic RNase P might well have other substrates also, since the natural substrates for bacterial RNase P include precursors to 4.5S RNA, tm RNA, and mRNA in addition to pretRNAs. A genome-wide screen for additional substrates of RNase P is in progress.
MATERIALS AND METHODS
Plasmids and strains
A copy of the wild-type POP1 gene from the yeast S. cerevisiae was cloned into plasmid p413TEF with three haemagglutinin (3HA) epitopes fused to the 59 end of the gene. A NotI restriction site was inserted immediately before and after the sequence of the 3HA tag due to the cloning strategy. The TEF1 promoter in the resulting plasmid was replaced with the endogenous POP1 promoter (233695-234411 on chromosome XIV) amplified from the genomic DNA of S. cerevisiae. The resulting clone p413-3HA-POP1, which contains a HIS3 selectable marker, was used as the template for PCR mutagenesis of the POP1 gene and served as a control for subsequent characterization of the Pop1p mutations.
Screen for Pop1p mutant strains with conditionally defective growth was performed in the S. cerevisiae haploid strain SXY2 (MATa ade2-1 his3-11, 15 leu2-3, 112 trp1-1 ura3-1 can1-100 pop1DNAT1 RPR1::kan r ). The chromosomal copies of POP1 and RPR1 were disrupted by drug-resistant markers nat1 (Goldstein and McCusker 1999) and kan r (Wach et al. 1994) , respectively, via PCR-based homologous recombination (Wach et al. 1994) . To support viability of the strain, a wild-type POP1 allele was expressed on plasmid p416ADH-POP1 and a copy of the S1-affinity tagged RPR1 gene was expressed on pRS315-S1-RPR1 (Srisawat and Engelke 2001) . Previous studies had shown that presence of the S1-tag on the RPR1 RNA did not affect growth at 30°C, 37°C, or 16°C (Srisawat and Engelke 2001; Xiao et al. 2005) . The selectable markers on plasmids p416ADH-POP1 and pRS315-S1-RPR1 are URA3 and LEU2, respectively.
Effects of the Pop1p mutations on the functions and assembly of RNases P and MRP were examined in haploid strain SXY1 FIGURE 9. Processing of S. cerevisiae pre-tRNA Tyr in vitro. The cleavage of a pre-tRNA substrate with a 12-nt leader catalyzed by RNase P holoenzyme with either the wild-type (j, at 37°C; ,, at 30°C) or Q 249 mutant (d, at 37°C; s, at 30°C) Pop1p was determined at either 30°C or 37°C under steady-state conditions. The Michaelis-Menten equation is fit to the data to determine the values for k cat , K M , and k cat /K M (Table 3) . 
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Random mutagenesis of the conserved amino acids of Pop1p
Two conserved amino acids of Pop1p were randomized at a time. DNA fragments containing POP1 mutations were amplified by overlap-extension PCR (Ling and Robinson 1997) with primers containing random nucleotides at the targeted positions. The mutated DNA fragments were ligated into p413-3HA-POP1 plasmid at unique restriction sites. Plasmids carrying POP1 mutations have a selectable marker HIS3. The complexity of each library of p413-3HA-pop1 with two randomized amino acids is 256. The library complexity is increased to 4096 molecules when three amino acids are randomized (library R 97 R 98 R 99 ; Table 1 ).
Yeast transformation and screen for conditionally defective mutants for growth
Mutated pop1 libraries in p413-3HA-pop1 (1.5 mg) were transformed into strain SXY2 containing p416ADH-POP1 and pRS315-S1-RPR1 plasmids using lithium acetate (Gietz et al. 1995) . After transformation, cells were allowed to recover at 30°C for 1 h in 30 mL standard synthetic medium containing dextrose and lacking uracil, leucine, and histidine (SDC-ULH). Transformation efficiency was determined by plating on SDC-ULH medium. More than 2000 transformants were tested per mutated pop1 library, which covered at least seven times the complexity of most libraries. Since the theoretical complexity of library R 97 R 98 R 99 (Table 1) was 4096, z10 5 transformants were screened.
Transformants were washed with SDC-ULH medium and plated on SDC-LH plates at 30°C for 3 d to select for plasmid uptake. Transformants were replica plated onto SDC-HL medium containing 5-fluoroorotic acid (5-FOA) and grown at 30°C for 2-3 d to select for cells that had lost the p416ADH-POP1 plasmid. One hundred colonies showing 5-FOA resistence from each library were streaked again onto SDC-HL plates containing 5-FOA to confirm their growth. The viable colonies were grown on SDC-HL plates at 30°C, 37°C, and 16°C to screen for ts and cs alleles. Incubation at 30°C and 37°C took 2-3 d, while the 16°C incubation was for 10 d.
The p413-3HA-pop1 plasmids in the ts or cs mutants were extracted from yeast, amplified in Escherichia coli, and retransformed into yeast strains SXY1/p416ADH-POP1 and SXY2/ (p416ADH-POP1, pRS315-S1-RPR1) to confirm phenotypes. The pop1 mutations were determined by DNA sequencing.
Growth of the control and ts mutant strains in liquid synthetic minimum medium was monitored after a shift to 37°C. The cultures were diluted with medium prewarmed to 37°C to keep in exponential growth phases.
Northern blotting of RNAs
Wild-type and ts pop1 mutant strains with SXY1 strain background were cultured in SDC-H medium at 30°C to OD 600 of 0.6-1.0. A fraction of each culture was harvested for total cellular RNA extraction. Another fraction of the culture was diluted with SDChistidine medium prewarmed to 37°C, followed by incubation at 37°C for up to 30 h. A portion of each culture was collected after 6, 18, and 30 h of incubation at 37°C, diluting as necessary with prewarmed (37°C) SDC-H medium. Total yeast RNAs were extracted from cells harvested at 30°C and at 37°C with hot acidic phenol (Kohrer and Domdey 1991) and concentrations determined by UV absorbance.
Total yeast RNAs (10 mg) from each strain were electrophoresed on a denaturing 8% polyacrylamide gel and were electrotransferred to a Nytran SuperCharge membrane (Schleicher & Schuell Bioscience). The processing profiles of tRNA Leu , RPR1 RNA, 5.8S rRNA, and NME1 RNA were probed with 32 P-radiolabeled oligodeoxynucleotides complementary to the corresponding RNAs. The probe to tRNA Leu was 59-TGCTAA GAGATTCGAACTCTTGCA-39, the RPR1 RNA probe was 59-GCTGGAACAGCAGCAGTAATCGGTA-39, the 5.8S rRNA probe was 59-CGCATTTCGCTGCGTTCTTCATCG-39, and the NME1 probe was 59-GCAATAGAGGTACCAGGTCAAGAAG-39. A small nucleolar RNA, SNR190 RNA, was also probed on the same Northern blot as an internal loading control (probe: 59-ATGGTC GAATCGGACGAG-39). Signals on the Northern blots were detected with a PhosphorImager (Molecular Dynamics 445 SI) and were quantified with IPlab Gel software (Signal Analytics). Averages are provided for three or more independent experiments.
HA immunoprecipitation of RNP complexes
SXY1 strains containing wild-type Pop1p-HA or various pop1 mutations were cultured in SDC-H medium at 30°C to OD 600 of 0.6-1. The cultures were diluted with prewarmed SDC-H medium and were incubated at 30°C or 37°C for 6 h. Yeast extracts were prepared with glass beads as described (Xiao et al. 2005) . The HA-tagged Pop1 proteins were the only copies of Pop1p in these strains. Yeast extract equivalent to 10 mg of protein was incubated with 20 mg of anti-HA antibody (12CA5; Roche) and 1% bovine serum albumin at 4°C for 1 h. To increase the immunoprecipitation efficiency, 20 mg of rabbit anti-mouse antibody (AffiniPure Rabbit Anti-Mouse IgG (H+L), Jackson ImmunoResearch) was subsequently added to the yeast extract and was incubated at 4°C for another hour. The mixture was bound at 4°C for 2 h to protein A-agarose beads (100 mL; BioRad Affi-Gel), preequilibrated with Buffer A (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% Triton-X 100, 10% glycerol, 1 mM DTT, Complete protease inhibitors-EDTA free [Roche] ). The beads were washed five times with ice-cold Buffer A and were pelleted at 1500 rpm for 2 min.
To examine the association of the mutated Pop1p with the RPR1 and NME1 RNAs, complexes containing 3HA-Pop1p were extracted from the beads in 100 mL sample buffer (60 mM TrisHCl at pH 6.8, 2% SDS, 15% glycerol, 0.025% bromophenol blue, 5% b-mercaptoethanol, 6 M urea) at 55°C for 10 min. The beads were pelleted at 1500 rpm for 2 min. RNAs in 50 mL of the eluate were directly precipitated with sodium acetate and ethanol with glycogen as carriers. The RNA samples were separated on a denaturing 6% polyacrylamide gel followed by Northern blotting as above except that only RPR1 RNA and NME1 RNA were probed.
The amount of 3HA-Pop1p in the HA immunoprecipitates was determined by Western blotting. Proteins in 30 mL of each eluate were electrophoresed on a 7.5% polyacrylamide-Tris-HCl gel (BioRad) and were electrotransferred onto a PVDF membrane. The blot was incubated with anti-HA antibody (12CA5, Roche), goat anti-mouse HRP antibody (Chemicon, AP308), and chemiluminescent substrate (ECL Plus Western Blotting Detection System, Amersham Biosciences). The Western blot was exposed to an X-ray film (Kodak BIOMAX MR), followed by quantification of the signals on a densitometer (IS-1000 Digital Imaging System). Although signal intensity in film is nonlinear, the signal was examined as a ratio to the RNA signal in Northern blots and was reproducible within 30% in two or more independent experiments.
RNase P assays
RNase P enzymes carrying Pop1p mutations were immunoprecipitated with HA antibody as described above. To gently elute RNases P and MRP from the immunoprecipitates, beads were incubated with 300 mL of 5 mg/mL HA peptide (in Buffer A without EDTA, synthesized by the University of Michigan Protein Structure Facility) for 4 h at 4°C. Eluate was collected by centrifugation at 1500 rpm for 2 min. Concentration of the RNase P in the eluate was determined by Northern blot analysis, compared with known amounts of in vitro transcribed RPR1 RNA.
Wild-type yeast pre-tRNA Tyr with the intervening sequence, 59 12-nt leader, and 39 UUUUU trailer was prepared as described (Beebe and Fierke 1994) by in vitro transcription from linearized plasmid by T7 RNA polymerase (plasmid kindly provided by Prof. W.T. McAllister [He et al. 1997] ). Pre-tRNA substrate labeled at the 59 end with 32 P was prepared after transcription by first treating pre-tRNA with calf intestinal alkaline phosphatase (New England BioLabs) to hydrolyze the 59 triphosphate group, followed by incubating with [g-32 P] ATP and T4 polynucleotide kinase (New England BioLabs) to add a labeled phosphate group at the 59 terminus of the transcript.
The steady-state kinetic turnover of the yeast nuclear RNase P holoenzyme was characterized under conditions where the substrate concentration was in large excess compared to the enzyme concentration ([S] >> [E]) in Buffer B (10 mM HEPES at pH 8.0, 100 mM KCl, and 10 mM MgCl 2 ) as previously described (Ziehler et al. 2000; Xiao et al. 2005) . Unlabeled pre-tRNA substrate with trace amount of the 59 32 P-labeled substrate was refolded by incubating at 95°C for 2 min in 10 mM Tris (pH 8.0), and 0.1 mM EDTA followed by incubating at 37°C for 30 min prior to the addition of an equal volume of 23 Buffer B. The enzyme sample was diluted directly into Buffer B. Both the enzyme and the substrate were incubated at the reaction temperature for 10 min before initiating the experiment. The assay was started by the addition of RNase P (0.1-2 pM, final concentration) to various concentrations of the substrate (25-300 nM). At various times, an aliquot of the reaction mixtures was removed and mixed with an equal volume of the stop solution (200 mM Na 3 ÁEDTA, 20 mM Tris at pH 8.0, 0.05% bromophenol blue, 0.05% xylene cyanol, and 8 M urea). Uncleaved substrate and products were separated by PAGE (12% polyacrylamide-7 M urea), and were visualized and quantified by using a PhosphorImager (Molecular Dynamics). The initial cleavage rate constants were determined from the time region when <10% of total substrate was cleaved (the initial velocity condition). Steady-state kinetic parameters k cat , K M , and k cat /K M were determined by fitting the Michaelis-Menten equation (Fersht 1985) to the initial velocities using KaleidaGraph software (Synergy Software). The reported errors are the asymptotic standard errors.
